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Abstract 

We reconsider an universal mass matrix model which has a seesaw-invariant structure with 
four-zero texture common to all quarks and leptons. The CKM quark and MNS lepton mixing 
matrices of the model are analyzed analytically. We show that the model can be consistent with 
all the experimental data of neutrino oscillation and quark mixings by tuning free parameters of 
the model. It is also shown that the model predicts a relatively large value for (1,3) element of 
the MNS lepton mixing matrix, \{Umns)i?,\'^ — (0.041 — 9.6) x 10~^. Using the seesaw mechanism, 
we also discuss the conditions for the components of the Dirac and the right-handed Majorana 
neutrino mass matrices which lead to the neutrino mass matrix consistent with the experimental 
data. 

PACS numbers: 12.15.Ff, 14.60.Pq, 11.30.Hv 
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I. INTRODUCTION 

The discovery of neutrino oscillation ^ indicates that neutrinos have finite masses and 
mix one another with near bimaximal lepton mixings in contrast to small quark mixings. 
In order to explain the large lepton mixings and small quark mixings, mass matrix models 
with various structures such as zero texture j^-jl^, fiavor 2^3 symmetry Q|- j^| etc. 
have been investigated in the literature. We think that quarks and leptons should be unified. 
Therefore, it is an interesting approach to investigate a possibility that all the mass matrices 
of the quarks and leptons have the same form which can lead to the large lepton mixings 
and the small quark mixings simultaneously. Since the mass matrix model is intended to 
be embedded into a grand unified theory (GUT), it is desirable for the model to have the 
following features: (i) The structure is common to all the mass matrices, M„, M^, Me, 
and My for up quarks (m, c, t), down quarks (c?, s, 6), charged leptons fe, r), and neutrinos 
(i/e, t'/i, ^t); respectively, (ii) Since we assume the seesaw mechanism js^ for neutrino masses, 
the structure should conserve its form through the relation ~ —MdM^^M]^. We shall 
call this structure as a seesaw-invariant form. Here and are, respectively, the Dirac 
and the right-handed Majorana type neutrino mass matrices, which are also assumed to 
have the same structure. 

In this paper, as typical mass matrices which have the features mentioned above, we 
reconsider hermitian mass matrices Mf for f = u,d, e, and D and symmetric mass matrices 
Mf for / = z/, and M with a universal form given by 

Mf = P}MfPf, for f = u,d, e, and D, (1.1) 
Mf = PjMfPJ, for / = z/ and M. (1.2) 

Here Pf is a diagonal phase matrix given by 

Pf = diag {e^'f^ e''^f\ e''^^'') , (1.3) 

and the matrix Mf is defined by 



Mf 



^ af 0^ 

bf Cf 
Cf df J 



[lA] 
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for f = u,d, e, u, D, and M. In this seesaw-invariant type of four- zero-texture model, we 
have four real component parameters aj, bf, Cf, and df in Mf and phase parameters afi{i = 
1, 2, 3) in Pf. If we fix three eigenvalues mfi{i = 1, 2, and 3) of Mf by the observed fermion 
masses, one free parameter is left in Mf. So we shall choose df as the free parameter in this 
paper. Then we shall present analytical expressions for the Cabibbo-Kobayashi-Maskawa 
(CKM) quark mixing matrix and the Maki-Nakagawa-Sakata (MNS) lepton mixing 
matrix j3J] of the model in terms of mji, m/2, "^/s? df and a/j. 

By taking a special value for this free parameter as df = ruf^ + rufi, the model with the 
same structure has been discussed in Ref. j^]. However, in this special choice, the model 
predicts a rather smaller value for (1,3) element of the CKM quark mixing matrix than the 
corresponding observed experimental data. In order to overcome this defect in the quark 
sector, we treat df as a free parameter in the present paper and show that the observed 
small CKM quark mixings as well as large MNS lepton mixings can be well derived by fine 
tuning of the free parameters. 

It has been claimed 0,13,0 that four-zero-texture models for quarks are ruled out 
at the three a level from the experimental data for sm2(3. However, we shall show from an 
analysis with use of the free parameter df that the quark mixing angles and CP violating 
phase Sq in our model are consistent with the data at one a level, so that the sin2/5 is also 
consistent at the same level. 

This article is organized as follows. In Sec. II, we discuss the diagonalization of mass 
matrix of our model. In Sec. HI, approximations we use are presented. The analytical 
expressions of the quark mixing matrix of the model are given in Sec. IV. In Sec. V, the 
lepton mixing matrix of the model is given. Sec. VI is devoted to a summary. 



II. DIAGONALIZATION OF MASS MATRIX 



We now discuss a diagonalization of the mass matrix Mf. First we argue a diagonalization 
of Mf given by 



Mf 



^ a/ ^ 

«/ bf Cf 

V df J 



(2.1) 
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This is diagonalized by an orthogonal matrix Of as 

OjMfOf = diag(m/i, m/2, m/3), (2.2) 

where rrifi, m/2, and m/3 are eigenvalues of Mf. Here we have four component parameters 
in Mf, namely, a/, bf, Cf, and df. If we fix the rufi by the observed quark and/or lepton 
mass, we have one free parameter left. Therefore we choose df as the free parameter. Then, 
we derive explicit expressions of the orthogonal matrix O/ in terms of m/i, m/2, m/3, and 
df as 



O 



f 



I I {df-mfi)mf2mf3 I (df -mf2)mf3mfi I {df-mf2.)mfimf2 \ 

{df-mfi)mfi I {df-mf2)mf2 I (df-mf3)mf3 

Rfi V %2 V %3 



mfi (df -mf2)(df -rufs) _ / m/2 (df-mfs.) {df -m/i) mf3(dj-mfi){df-mf2) 
\ V Rf^df V Rs^df V Rf^df J 



(2.3) 



where Rfiii — 1,2, and 3) are defined by 



Rfx 


= (m/1 


-m/2)(m/i 




(2.4) 


Rf2 


= (m/2 


-m/3)(m/2 




(2.5) 


Rf3 


= {mfs 


-m/i)(m/3 


-m/2). 


(2.6) 



The expressions of the components a/, bf, and c/ in terms of m/i, m/2, m/3, and df are 
presented as 



m/im/2m/3 
df 

bf ^ mfi + mf2 + mf3 — df, (2.8) 



= j-^ , (2.7) 



/ (df - mfi){df - mf2){df - rufs) 
Cf = ^l . (2.9) 

From the condition that a/, bf, and c/ are real, we have the allowed region oi df given by 

|m/i| < d/ < |m/3|. (2.10) 

The cases in which < df < |m/i| or |m/3| < df are not allowed. We also have the following 
sign assignments for the eigenmass m/ji 

< m/i < —m/2 < m/3 for |m/i| < df < |m/2|, (2.11) 
< — m/i < m/2 < m/3 for |m/2| < df < |m/3|. (2.12) 



Namely m/2 should be taken negative while m/i and m/3 are positive for the case in which 
|m/i| < df < I m/2 1 . On the other hand, m/i should be taken negative while m/2 and m/3 
are positive for |m/2| < df < |m/3|. 



III. APPROXIMATIONS 



We present approximated expressions of the orthogonal matrix Of for the normal hier- 
archy, inverse hierarchy, and quasi degenerate cases for the masses m/j. Here we introduce 
a Xf parameter, instead of using df, defined by 

df 



rufs 



The approximated expressions are obtained as follows: 

Case (a): For |m/i| <C m/2 <C c?/ < m/3 (normal hierarchy 1), we have 

/ 



Of ~ 



1 



m/2 



\'mfi\mf2 \ 



73 



'7 



v 



V2 



/ 



Case (b): For |m/i| < m/2 -C df < ruf^ (normal hierarchy 2), we have 



Oi 



( 



\ 



|m/i|+m/2 



|m/i|+m/2 



|m/i|+m/2 



|m/i|+m/2 



Case (c): For m/i <^ d/ < |m/2| — m/3 (inverse hierarchy), we have 



Xf) 



/ 



V 



1 



mj-3m/i((iy+|m/2l) / rnfi\mf2\{df+\mf2\) \ 
\m2\{\mf2\+mf3)df y |m3|(|m/2|+m./3)d/ 



\mf2\mf3 



mfi{df+\mf2\){mf3-df) 
\m2\mf3df 



df + \mf2\ 
|m/2|+m/3 
"T-f3-df 



l"i/2|+m/3 
df+\mf2\ 
|m/2|+m/3 



|m/2|+m/3 

Case (d): For m/ = |m/i| < m/2 < df < rrifs (quasi degenerate 1), we have 



/ 



0/ 



1 df-mf2 1 1 mf3-df 
2m/3-m/2 Y 2 m/3-m/2 



1 {df-mf2)(mf3-df) 



1 df-mf2 

2 mf3—mf2 

■^f2-df 
m/3 -m/2 



1 "T-fS-df 

2 frt- j3—Tn f2 

^/-™/2 

m/3 -m/2 



(3.1) 



(3.2) 



(3.3) 



(3.4) 



(3.5) 
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Case (e): For nif = rrifi < dj < |m/2| < fnfs (quasi degenerate 2), we have 



2 mf'i-mfi 



l_df-rnfj_ 
2 TUfs-mfi 

rnf3-dj_ 



1 '"T-fS-df \ 

2 mj3-mji 

2 mfs-m-fi 



\ V mji-nif-i 



1 (mf3-df){df-mfi) / dj-nif 



(3.6) 



The inverse hierarchy and the quasi degenerate scenarios are unfavorable in our modeL 



IV. CKM QUARK MIXING MATRIX 



Let us discuss the quark sector. The mass matrices M„ and for the u- and d-quarks 
are, respectively, given by 



(4.1) 
(4.2) 



where P„ and Pd are diagonal phase matrices and Mu and Md are given by Eq. ()1.4j) . The 
mass matrix Mj {f = u and c?) are diagonalized as 



UljMfUif = diag(-|m/i|,m/2,m/3) . 



The unitary matrix Ulj is described as 



ULf = P}Of. 



Therefore the CKM quark mixing matrix Uckm of the model is given by 



CKM — ^Lu^Ld 



UlUr. = OlPO„ 



where P = PuPI is diagonal phase matrix given by 



P = diag(e^(""i-"^i), e^(""2-"^2\ e*^""^-"''^)) = diag(l, e*°^ 



(4.3) 



(4.4) 



(4.5) 



(4.6) 



Here we take a^i = aui = without any loss of generality. 

By using the expressions of Od and in Eq. ()2.3|) . the explicit elements of Uckm 
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are obtained as 

{Uckm)i2 '- 



Rd2dd 



mu{du-mu) / ms{dd-ms) 



Rui 



'rriuidu - mc){du - rrit) ms{dd - mb){dd - nid) 



Ruidu 



Rd2dd 



CKM)n 



' mcmt{du - ruu) mdms{dd - rub) 



Ruidu 



Rdsdd 



Rui 



'ruuidu - mc){du - rut) mb{dd - md){dd - nis) 



Ruidu 



Rdsdd 



CKM)23 



'mtmu{du-mc) mdms{dd - mf,) 



Ru2du 



Rdzdd 



— e 



ta2 



R 



■u2 



— e 



«"3 , 



^vficidu - mt){du - mu) mb{dd - md){dd - rUs) 



Ru2du 



Rdsdd 



where Rui and Rdi {i = 1,2, and 3) are given by 



Rui 

Ru2 
Ru3 

Rdi 

Rd2 
Rd3 



rriu - mc){mu - nit), 
rric - mt){mc - rriu), 
mt - mu){rnt - rric). 

rrid - ms){md - nib), 
nts - nib){nis - nid), 
nib - nid){nib - nis). 



R 



d2 



(4.7) 



niu{du - niu) / nib{dd - nib) 



R 



■d3 



(4.8) 



nic{du - nic) / nib{dd - nib) 



R 



■d3 



(4.9) 



(4.10) 
(4.11) 
(4.12) 

(4.13) 
(4.14) 
(4.15) 



Here, we denoted niui and rudi {i = 1,2,3) as {mu,nic,nit) and {nid, nig, nib) which are the 
masses of up and down quarks, respectively. 

If we fix the quark masses {mu,nic,nit) and {nid, nig, nib) by the observed masses, two 
component parameters du and dd and two phase parameters 02 and 0:3 are left as free 
parameters in above expressions of {UcKM)ij- Using this feature of the model, we can 
reproduce the observed data for {UcKM)ij as will be shown later. This model can be used 
for the improvement of the previous model in which a rather small value for \{Uckm) 13] 
is predicted. 

In the discussions of the CKM quark mixing matrix, we concentrate our attention on the 
case in which \mfi\ <^ nif2 dj < ruf^ (normal hierarchy 1) . In this case, using two free 



parameters x„ = du/rrit and Xd = dd/rrib instead of using du and dd, we have 



CKM) 12 



\md\ 



XuXd ^ 



— (1 - x„)(l - Xd) , 



(4.16) 



\md\ms I - Xd 



CKM) 13 



Xd 



ma 



—Xu{l - Xd) + e 



ma 



^(l-xjxrf, (4.17) 



|m„| \md\ms I - Xd 



CKM) 23 



rria 



mt 



Xd 



+ e^"^ Vx„(l-x,) - e^'^' V(l-x„; 



(4.18) 



By using the rephasing of the up and down quarks, Eq. ()4.5j) is changed to the standard 
representation of the CKM quark mixing matrix, 



U: 



std 

CKM 



diag(e'^i',e*^2^e<2) Uckm diag(e'^i , e*'^^ , e*'^^) 
/ 



q q 
^13^12 

r'^ _ r'^ ^1 piSq 
23 12 '^9*^*^19^1'^^ 



9 <? 
Cl3'^12 

„a „9 _ g g q iSg 

23 12 oQqij-iQo-iqc 



, o9 g _ g g g iS^ 

L 23 12 C-oqC--] 9 o T 



g g 



23''12'='13": 

g g g iSq 

'-23*' 12*13'^ 



„g p-iSq \ 

g g 

'523'^13 



g g 

CnoCi 



(4.19) 



'23 '-12'' 13"^ 

7 g g i 

-23'-12"^13^ * ~''23'-12 ~ '-23 ''12"' 13"^ * '-23'-13 

Here comes from the rephasing in the quark fields to make the choice of phase convention. 
By using the expressions of Uckm in Eqs. ()4.16|) - (|4.18|) . the CP violating phase 6q in the 
quark mixing matrix is given by 



arg 



arg 



CKM )l2{UcKM )22 



+ 



CKM 12\ 



{U C K m) 13{U C km) 23 ) 1 ~ \ {UcKm)i3\ 

e^"3 ^{l-Xu){l-Xd) + ^fx^ixl 



(4.20) 



e^"3 ^(1 - Xu)xd - e^"2 ^xu{l - Xd)) (e*"^ ^x„(l-Xd) - e^°3 ^(1 - Xu)x^ 

(4.21) 

Thus we have obtained the analytical expressions for \ (Uckm)i2\^ \iUcKM)23\^ \(Uckm)i3\-i 
and 5q of the model which are given by Eqs. ()4.16|) . ()4.17|) . ()4.18|) . and ()4.2ip . respectively. 
They are functions of the four parameters x^, a2, and 03. From the expressions of 
\iUcKM)i3\ and \{Uckm)23\ in Eqs. (j4.17p and (j4.18|) . we obtain the following constraints in 
the paprameters Xu and x^, which hold irrespectively of the free phase parameters 02 and 

"3- 



1 



1 + 



\(UcKm)2-3\ + \{UcKm)i3\ 



^ Xd ^ 



1 



CKM ) 23 1 — I ( Uckm ) i 

o 



(4.22) 



V^u{xd - 1) - y^Xd{xu - 1) < |(?7c/^m)23| < V'a;„(xd - 1) + ^/xd{xu - 1) (4.23) 
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\{UcKM, 


12 1 


= 0.2226 - 


0.2259, 


\{Uckm] 


23 


= 0.0295 - 


0.0387, 


\{Uckm] 


13 1 


= 0.0024- 


0.0038, 






= 46° - 74' 
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On the other hand, the numerical values of \{Uckm)i2\^ \{Uckm)2z\i \iUcKM)i?,\i and 
5q at the unification scale /i = Mx are estimated from the experimental data observed at 
electroweak scale = Mz by using the renormalization group equation as 3^ : 

(4.24) 
(4.25) 
(4.26) 
(4.27) 

By using the above experimental constraints as inputs, we obtain the consistent solution 
for the parameter Xu-, Xd, «2j and as of our model from our exact CKM matrix elements 
given by Eqs. ()4.7|1 . ()4.8j) . ()4.9|1 . and ()4.2()j) . By doing parameter fitting, we find that the 
consistent CKM elements are realized only if (i) the parameter a2 takes a value as ^2 — 7r/2 
and (ii) the other three parameters 0:3, Xu, and x^ take values in the allowed regions shown in 
Fig. 1, Fig. 2, and Fig. 3. The best fit is realized for the following values of the parameters: 

02 = 7r/2, (4.28) 

«3 = 1.450, (4.29) 

Xu = 0.9560, (4.30) 

Xd = 0.9477. (4.31) 

For these best-fit-parameters of the model, we obtain 

(4.32) 
(4.33) 
(4.34) 
(4.35) 

Here we have used the best fit values of the following quark masses estimated j39| at the 
unification scale = Mx- 

mu{Mx) = 1.04+0;i9MeV, m,(Mx) = 1.33^°;}9^ MeV, 

mc{Mx) = 3021^^ MeV, m,(Mx) = 26.5l|^MeV, (4.36) 

mt{Mx) = 129^^^^ GeV, mb{Mx) = 1.00 ± 0.04 GeV. 



\{UcKM, 


12 1 


= 0.2251 


\{UcKM, 


23 


= 0.0340 


\{UcKM, 


13 1 


= 0.0032 






= 58.86° 
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Finally let us mention the model in Ref. 3^. It corresponds to our present model 
with the parameter df fixed as df = rrifs + rrifi, namely Xf = 1 — |m/i|/m/3 ~ 1 and 
1 — Xf = \mfi\/mf3. In this case, the following CKM mixing matrix elements are derived 
as seen from Eqs. I^J^-^J^ and (jOT|) . 



CKM ) 12 



CKM) 13 



CKM )23 



Uq — 



arg 




gj«3 / l™n| \^d\ I g*a2 
' ' mt mi, 



\mu\ 



- e*°2 



\md\ 



mt 



TT — a2. 



(4.37) 
(4.38) 
(4.39) 

(4.40) 



This model is more predictable for the CKM matrix elements than ours. However, this 
model predicts a rather smaller value for \{Uckm)i3\ than the experimental data. This is 
seen from the fact that the values of the parameters x^ = 1 — \md\/miy = 0.998437 and 
Xu = I — \mu\/mt = 0.999987 of this model are outside of the allowed regions shown in 
Fig. 1, Fig. 2, and Fig. 3. 



V. MNS LEPTON MIXING MATRIX 

Let us discuss the lepton sector. The mass matrices Mi^ and Mg for the Majorana neu- 
trinos and the charged leptons are, respectively given by 

Me = PiMePe, (5.1) 

= P^M^P:. (5.2) 

Here P^, and Pg are diagonal phase matrices and M^, and Mg are given by Eq. (j2.H) . The 
charged lepton mass matrix Mg is diagonalized as 

Ul^MJJie = diag(-|me I, m^,m^) , (5.3) 

where the unitary matrix Ue is described as 

Ulc = PlOe. (5.4) 
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Since the mass matrix for the Majorana neutrinos is symmetric, Mj, is diagonahzed as 



UIMM: =dmg{\ 



mi|,m2,m3j 



(5.5) 



where |mi|,m2,and are real positive neutrino masses and the unitary matrix Ui, is de- 
scribed as 

= PlO.Q,. (5.6) 

Here, in order to make the neutrino masses for the first generation to be real positive, we 
introduce an additional diagonal phase matrix defined by 



Qy = diag(z, 1, 1) . 



(5.7) 



In the following discussions, we consider the normal hierarchy 2 for the neutrino masses 
rrii, i.e. \mi\ < m2 < rris, and the normal hierarchy 1 for the charged lepton masses, 

i.e. |me| -C rrifj, <^ d^. < rrir- In this case, the orthogonal matrix Oe and Oi, are obtained 
from Eqs. ()H.2j) and (jH.Hj) with / = e and u by replacing rn2f, and m^f with |me|, m^, 

and m,-, and with |mi|, m2, and ms, respectively. Therefore we have 



m2 



\mi\+m2 



mil 



|mi|+m2 



\m1\m2 l-xy \ 



\ini 



|mi|+m2' 



m2 



\mi\+m2 



Xt, 



(5.8) 



/ 



|nie 



(5.9) 



We now discuss the MNS lepton mixing matrix Umns of the model, which is given by 

Umns = UlU, = OjP,0,Q,, (5.10) 
where Pe = PePl is diagonal phase matrix and we take 

= diag(l,e^^^e^'^^), (5.11) 
without any loss of generality. Thus we obtain 



MNS 



\mi\+m2 



\m\\+m2 



\m1\m2 1-Xy _|_ f_ / |me| ^ 



^6 



I +"12 



mil 
lmi|+m2 



A/ lm,i|+m,2 



^4 



(5.12) 
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where are complex quantities defined by 



^3 
^4 
6 



A/avEle*^^ + a/(1 - - Xe)( 



v/(l - x,)xee^'^2 - Vx,(l-a;e)e^^^ 



i/33 



v/(l - x,)xee'^2 + ^/x,il-Xe)e'f'. 



(5.13) 
(5.14) 
(5.15) 
(5.16) 
(5.17) 



Eq. ()5.12j) is changed to the standard representation of the MNS lepton mixing matrix as 
well as the CKM quark mixing matrix, 



U 



std 

MNS 



diag(e'^i,e'^2^e*^2; 



MNS 



ZD^'^Z 



ci3"^i2 



J 

-23 '^12 



I r.1 nl ^i&l 



'523'^12 ^2'i^l2^12,^ 



xdiag(l,e*'^^e 



iSi 



'^23*^12 
~"523'^12 ~ C23S'^2'^13^' 



'^23'^12'^13^ 
J qI qI pi^l 



■^23*^13 

^23 '^13 y 



(5.18) 



Here Q comes from the rephasing in the charged-lepton fields, 5i, is the Dirac phase, and 0j 
is the Majorana phases in the MNS lepton mixing matrix. 

In order to realize the maximal lepton mixing angle between the second and third genera- 
tions, we must choose the free parameters Xi,, Xe, P2 and P3 to satisfy the following condition: 



161 = 161 = 161 = 1^41 

In the present paper, we take the following choice: 



(5.19) 



Xi, = 1/2 and Xe — 1, 



(5.20) 



which satisfies the above condition irrespectively of the phases and (3^. Then, the explicit 
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magnitudes of the components of \{UMNs)ij\ are obtained as 

\iUMNs)ii\ — \l — — TTZTT' \{Umns)12\ 
\{UmNs) 13 





mi 




m2 + 


mil 



TTlf 



2m„ 



{Umns)2i\ 

{UMNs)2'i\ 

{UMNs)-il\ 
{UMNs)?,'i\ 





nil 




m2 + 


mi\ 



MNS )22\ 



1712 



a/2 V m2 + |mi| 



1 

71' 
1 

1 

7f 



1 


nil 




7712 + 


mi 



MNS 32 \ 



ni2 



a/2 V ^2 + 



(5.21) 



From Eqs. ()5.18|) and ()5.21|) . the neutrino oscillation angles and phases of the model are 
related to the lepton masses as follows: 



tan ^soiai- 
sin^ 26,,^ 



^ MNS )12\ 



\{Umns)ii\'^ 

4|(f/MAr5)23| 



mi 
m2 

■|(f^AfAf5')33| 



MNS 13\ 



\7n„ 



— arg 



\7ni\ni2 ^ ^ip^ 



m% 



\7ne\ 

2m,. 



It should be noted that the present model leads to the same results for 6. 
model in Ref. j^l, while a different feature for \{Umns)i3\'^ is derived. 



(5.22) 
(5.23) 

(5.24) 

(5.25) 
(5.26) 

and ^,t,„ as the 



On the other hand, we have a experimental bound for |(f/A/Afs)i3|Lp from the 



of the SNO solar neutrino experiment 



40 



CHOOZ |41|, solar |4^, and atmospheric neutrino experiments Q]. From the global analysis 



42j | , we have Am^2 and tan^ ^12 for the large 



mixing angle (LMA) Mikheyev-Smirnov-Wolfenstein (MSW) solution 43|. From the atmo- 



spheric neutrino experiment [Jj, |40[ , we also have Am^g and tan^6'23. These experimental 
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data with 3a range are given by 



\U- 



131 < 0.054 

-LO I CXp 



TTir, — m 



tan^ 6*12 = tan^ 9^^i 



Am23 



tan^ 6*23 — tan^ 9^ 



1 - Aml^ = (5.2 - 9.8) x 10"^ eV^ 
0.29 -0.64 , 

AmL = (1.4- 3.4) X 10-3 eV^ 
= 0.49-2.2 . 



mo ~ 



(5.27) 
(5.28) 
(5.29) 
(5.30) 
(5.31) 



Hereafter, for simplicity, we take tan^ ^atm — 1- Thus, by combining the present model with 
the mixing angle 6^^i, we have 



— ~tan2^,„ = 0.29 - 0.64. 
Therefore we predict the neutrino masses as follows. 



(5.32) 



mi 



mn 



mq 



(0.48 - 6.8) X 10"^ eV^ 
(5.7-16.6) X 10"^ eV^ 
(1.5 - 3.6) X 10-3 eV^ . 



(5.33) 



Let us mention a specific feature of the model. Our model predicts a rather large value 
for \{Umns)i3\ as 

2 



MNS )13\ 



irrip 



2m„ 



mi m2 



mg 



(0.041-9.6) X 10 



-2 



(5.34) 



The predicted value for \{Uj 



MNS )13\ 



in Eq. ()5.34|) is close to the present experimental con 



straints Eq. ()5.27|) in contrast to previously proposed model 2^ 
will be checked in neutrino factories in near future. 

In the preset model, the neutrino mass matrix M^, is given by 



27l |. Therefore our model 







'2\mi\m2 



\ 



v 



p* 

V • 



(5.35) 



Ay2|mi|m2 ^3/2 ?T2,3/2 
m3/2 m3/2 j 

Now we discuss the requirements for the mass matrix elements of and M^i to realize 
the above structure for M^. In our model we have assumed the seesaw mechanism = 
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—MdMj^^M]^ and following structure for Mo and M/j. 



^ ao ^ 



M 



D 



D 



an bo cd 
CD do 



^ an 0^ 



D, 



a-R hn cr 

Cr dR 



(5.36) 



where Pd = diag (e*°^^, e*"^^, e*"°^). Here we assume a real symmetric Mr for simplicity. 
In this case, we have 



= -MdM^^MI 



/ 





an 





\ 








codo 








dR 


dR 




\ 





Cpdo 
dn 


dR 


/ 



P* (for an ^ CD, do) 



(5.37) 
(5.38) 



where = diag (e**^"^^ "02) g «{"d3 ai32)^ Therefore, the following conditions should be 
satisfied in order to realize our My in Eq. ()5.35p . 



D ^ d\) 



(5.39) 



Namely, it turns out that the large lepton mixing angle is realized through the seesaw 



mechanism by using the following Md and Mr, 



az) ^ 



D 



D 



ttD * do 
dD dD 



Pd, 



M, 



R 



a/j ^ 



aR * * 
* d 



R 



(5.40) 



with Cd = dD and a hierarchy conditon 



do 



a-R 



d 



R 



(5.41) 



It should be noted that the components 6d in Md, bR, and cr in Mr which are denoted as 
asterisks are not important for reproducing the large lepton mixing angle at all. 
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VI. CONCLUSION 



We have reconsidered the mass matrix model with a universal and seesaw-invariant form 
of four-zero structure given by 

/ 



M 



f 



P 



f 



Mr 



P^ 



\ 






af 


°1 






af 




Cf 


Pf, 


for f = u,d, and e 







df ) 

















af 


bf 


Cf 


p* 


for / = z/ 





Cf 


df ) 







(6.1) 



(6.2) 



The analytical expressions for the CKM quark mixing maitrix are derived as functions 
of the four parameters Xu, Xd, 0.2, and 03. We do fine tuning of the parameters so as to 
reproduce the experimental data. It turns out that the CKM quark mixing matrix can be 
consistent with the data at the special value of the parameter given by 02 — 7r/2 and in the 
allowed regions among 0:3, Xu, and Xd as shown in Fig. 1, Fig. 2, and Fig. 3. 

We have also analyzed the MNS lepton mixing matrix analytically and shown that it is 
consistent with the observed large lepton mixings. The model predicts a relatively large 
(1,3) element for the MNS lepton mixing matrix element: 



MNS ) 13 I 



\m1\m2 



rrin 



(0.041-9.6) X 10" 



(6.3) 



which is close to the experimental upper bound at present. Therefore a determination of 
the finite value for \{Umns)i3\'^ in near future experiment will be expectable in our model. 

We have assumed the seesaw mechanism M^, = —MjdM^^M]^ and the same four-zero 
structure for M^i and M^. Within this framework, we have derived the conditions given by 
Eqs. fl5.40|) and ()5.41|) for the components of M/5 and to realize our structure for M,^. 
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FIG. 1: The allowed region in the 03 - xj, parameter plane. Dotted regions are allowed from the 
experimental data for the CKM quark mixing matrix elements. 
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FIG. 2: The allowed region in the as - Xu parameter plane. 
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FIG. 3: The allowed region in the Xu - x^ parameter plane. 
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